A novel, frequency selective surface (FSS) based, data encoding structure amenable to be used as a chipless RFID tag is proposed. The data encoding structure is made up of finite repetitions of a unit cell fabricated on commercially available grounded FR4 substrate having physical dimensions of 15 × 15 mm 2 . The unit cell is composed of numerous T-shaped resonant elements arranged as two atypical sets of concentric nested loops. Alteration in geometry of the encoding circuit, attained by inclusion or omission of nested resonators, corresponds to a particular data sequence. Each encoded data sequence is manifested in the frequency domain as a distinct spectral signature. The proposed 10-bit tag is both compact and robust, and remains interrogable in response to illuminating electromagnetic waves at various angles of incidence.
Introduction
Chip-based Radio Frequency Identification (RFID) tags are an integral constituent of numerous modern-day applications spanning various industries such as logistics and supply chain [1] , traffic management [2] , pharmaceutical tracking [3] , and so on. This deep market penetration of RFID tags is fueled by a plethora of advantages including contact-less interrogation, higher read rate, enhanced interrogation distance, and so forth. Incorporating a dedicated integrated circuit (IC) on board the RFID tag, however, makes wide-scale commonplace deployment of such tags financially impracticable [4] .
Chipless RFID tags, posited as a replacement for optical bar-codes, offer a viable solution for widespread deployment of RFID tags in low-end applications [5] . Chipless variants of RFID tags are primarily classified into two categories namely time-domain-based and frequency-domain-based tags. Within time-domain-based chipless RFID tags, Surface Acoustic Wave (SAW) [6] tags have been proposed. The intricacies associated with the submicron lithiography manufacturing process hamper wide-scale adoption of time domain based chipless RFID tags. Frequency-domain-based tags employ radiating structures to translate the identification details into a uniquely distinguishable electromagnetic signature. Such resonators are typically made up of metallic scatterers and reflective strands, such as square-shaped [7] , circular [8] , and triangular [9] resonators. Generally, electromagnetic performance of chipless RFID tags is thwarted by existence of higherorder spectral harmonics and dependency of encoding capacity on the tag's physical dimensions. RFID tags of the chipless sort based on nested square-shaped [7] and circular [8] resonant elements, when positioned closely, suffer from mutual coupling that limits the resulting bit density. While tags made up of triangular shaped resonators are less prone to mutual coupling, the physical dimensions of the resulting tag remain relatively large [9] . In this letter, a frequency-domain-based chipless RFID tag composed of novel T-shaped resonators is proposed. The formulated tag encodes '0' and '1' bits by dint of reflection and absorption properties of the resonant structure. The peculiar geometry and orientation of the resonant elements minimizes inter-resonator coupling, thereby allowing for achievement of higher bit density as well as stable oblique angular performance.
Resonator design
The proposed frequency-domain-based chipless RFID tag is essentially a finitesized frequency selective surface (FSS) composed of several coplanar T-shaped resonant elements patterned in a concentric manner. The resulting structure, provisioned with a grounded dielectric substrate, functions as a resonant cavity that readily absorbs the impinging electromagnetic waves at particular resonant frequencies. As shown in Fig. 1(a) , the overall geometrical structure for an arbitrary T-shaped resonator is controlled by a set of variables: width of the horizontal base given by W 1 , width of the horizontal ceiling represented by W 2 , length of the lower vertical bar given by L 1 , length of the upper vertical bar represented by L 2 and thickness of the resonator given by d. Unlike square [7] , circular [8] or triangular [9] variants, a resonant element characterized by multiple geometric parameters offers a greater extent of freedom when designing for particular resonant frequencies. Additionally, the peculiar asymmetrical T-shaped geometry also diminishes the mutual coupling that would have otherwise dominated closely positioned resonators.
The surface current density of a single T-shaped resonator (
obtained upon excitation by a horizontally polarized plane wave at 11.43 GHz is shown in Fig. 1(b) . The surface current density tends to be highest in vicinity of the junction J. This signifies existence of inductive characteristics. On the other hand, surface current density around the base and ceiling of the T-shaped structure is minimal, depicting presence of capacitive characteristics. The contemporaneous existence of capacitive and inductive components distributed across a single T-shaped resonator produces resonance at a specific value of frequency. The same resonance is distinctly observable in the radar cross section (RCS) response, identifying a '1' data bit. In absence of the resonator, the incident electromagnetic wave is reflected back causing the resonance to disappear signifying a '0' data bit. By carefully formulating a multi-resonant structure based on this working principle, multiple data bits can be stored in the resonant structure without an application specific integrated circuit (ASIC). Encoding of multiple data bits is accomplished by adopting a loop-based design approach. An FSS unit cell made up of two sets of concentrically nested T-shaped resonant elements is conceived. Within the unit cell, the resonators are nested as two distinct sets arranged in an inverted fashion, as depicted in Fig. 2 . Doing so minimizes electromagnetic coupling between the two sets of resonant elements.
The precise dimensions of the geometric variables, along with the optimal number of concentric resonators, are determined iteratively by parametric analysis performed using CST MICROWAVE STUDIO ® (CST ® MWS ® ). The optimum number of resonant elements per nested set is five, that translates to ten resonators per unit cell. The thickness of each T-shaped resonator, d, is kept at 0.2 mm. Precise geometric dimensions of the outermost T-shaped resonators for both sets are provided in Table I . The dimensions of the subsequent resonators can be calculated conveniently keeping in view a constant inter-resonator spacing set to 0.2 mm.
With the unit cell repeated once, the proposed data circuit takes on a 1 Â 2 configuration occupying overall dimensions of 15 Â 15 mm 2 . A number of tag prototypes are fabricated on a commercially available grounded FR-4 substrate having a thickness of 1.6 mm. Two such prototypes encoding distinct bit sequences, placed beside a standard one euro coin for emphasizing on design compactness, are shown in Fig. 2 . The resonant circuit allows for encoding of an arbitrary bit sequence by inclusion (signifying '1' data bit) or omission (signifying '0' data bit) of T-shaped resonators at corresponding locations within the unit cell.
Results and discussion
This section provides insights into typical performance descriptors for the proposed data encoding circuit readily operable as a chipless RFID tag. Computer-aided design and analysis has been carried out using full-wave electromagnetic simulation software CST ® MWS ® . The fabricated tag prototypes along with the corresponding RCS response obtained for an all '1' data bit tag, an all '0' data sequence, and a mixed-bit tag are compared in Fig. 3 . The obtained results affirm that the obtained RCS responses for the three sequences are visually distinct and, thereby, uniquely identifiable.
The formulated chipless RFID tag is also scrutinized for its RCS performance at different angles of oblique incidence. The investigation establishes the extent to which the proposed tag exhibits angular stability when illuminated in a slanted manner. Fig. 4(a) validates that the proposed tag corresponding to an all '1' data sequence tag exhibits a stable angular response all the way up to 60 degrees. It can also be observed that the resonant peaks, with reference to the frequency axis, remain unaffected. The average RCS magnitude, however, slightly decreases with an increase in angle of incidence.
The experimental setup for carrying out laboratory measurements is similar to the one employed in [10] involving multiple tag prototypes, vector network analyzer (VNA) R&S ZVB-20 ® , and a pair of identical linearly-polarized horn antennae with gain ranging from 10 dBi at 5 GHz to 13 dBi at 15 GHz. The measured RCS response for an all '1' data bit tag, overlaid with the corresponding simulated outcome, is presented in Fig. 4(b) . It can be seen that both the simulated response and the measured results are in accord with one another. The mean value of read range at transmit power of 0 dBm is 1.05 m, and that for transmit power equal to 10 dBm is 1.87 m. Table II presents a comparison between the proposed tag and other designs reported in literature. The proposed tag, in the 2 Â 1 configuration, encodes 10 bits of information over a small area of 2.25 cm 2 resulting in an appreciably high bit density of 4.44 bits/cm 2 .
Additionally, the designed tag proffers a comparable average RCS measure of −28 dBsm. Furthermore, the formulated tag is compact, robust and operates at a variety of incident angles.
Conclusion
A novel T-shaped, FSS-based, data encoding circuit capable of being operated as a chipless RFID tag is proposed. The peculiar inverted arrangement of nested resonator sets within the FSS unit cell minimizes the effect of mutual coupling. Encoding capacity of 10 bits over a physical footprint of 15 Â 15 mm 2 is achieved. The tag offers both robustness and design compactness, and remains interrogable over a wide range of incident angles.
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